The heat capacity of synthetic Fe304 has been measured over the range from 5 to 350 K. Values of thermodynamic functions have been calculated and C,, S", and (Ho-Ho")/T at 298.15 K are 36.04, 34.93, and 19.85 cal mol-1 K-l, respectively. In this sample the previously known L-type transition was found to consist of two maxima, a larger one at 118.9 K and a smaller one at 113.3 K, with entropy increments of 1.2 cal mol-' K-l and 0.2 cal mol-l K-l, respectively. The mechanism of the transitions is discussed.
Introduction
The low-temperature heat capacity of Fe,O, was measured by Parks and Kelley(') on large natural crystals of magnetite. A marked transition presumably related to changes in the magnetic properties was observed in the temperature interval 113 to 117 K. Millar"' later determined the heat capacity of magnetite over the range 60 to 300 K on an ore sample containing 99.0 per cent Fe,04 and corrected for 0.67 per cent Fe,O, and 0.37 per cent impurities (largely quartz). A pronounced heat-capacity maximum of 37.1 cal mol-' K-' was found at 114.15 K. The heat-capacity measurements agreed with those of Parks and Kelley at the lowest temperatures, but were about 5.8 per cent lower at 298 K. Calculation of the entropy gave S(298 K) = (34.69kO.2) cal mol-' K-' in good agreement with the value 35.1 of Parks and Kelley. The anomalous change in heat capacity around 115 K was observed also by means of differential thermal analysis. (3V4) More recently, the heat capacity was measured in the range 1.8 to 4.2 K on a natural magnetite crystal'5' and on synthetic samples,(6s7) and the spin-wave contribution to the heat capacity was studied.
The fact that the observed peak in the heat capacity occurs about 5 K lower than the abrupt change observed in careful studies of electrical@) and thermal(') conductivity suggests the behavior to be significantly dependent upon the composition and SYNTHETIC SAMPLE The synthetic magnetite used in this investigation was prepared from iron(III) oxide and iron. The Fe203, "Ferrum oxydatum sec. Merck", was heated in an electric furnace at 1000°C until constant mass was attained. This was achieved after two 4 h heating periods. A small part of the sample was reduced by dry hydrogen gas at 800°C for 6 h and afterwards crushed to a fine powder. Stoichiometric proportions of this iron and the Fe,O, were heated in an evacuated and sealed silica tube at 1000°C for 2 days and furnace-cooled.
Quantitative analysis by different investigators gave average values of 72.37 and 72.43 per cent total iron, respectively (theoretical 72.36 per cent) and 24.06 and 24.05 per cent ferrous iron (theoretical 24.12 per cent). Spectrographic analysis showed the presence of about 0.003 per cent Ni and Si, and about 0.001 per cent Cu and Mn.
X-ray powder photographs of the sample showed only lines from Fe,O,. Its lattice constant was determined at about 20°C in an 11.48 cm diameter camera with asymmetric film mounting, using iron radiation [YFe, I&,) = 1.93597 A]. The value u = (8.3938-&0.0005) A agrees within the limits of experimental error with that by Tombs and Rooksby"') and Abrahams and Calhoun,(") a = (8.394OLf:O.O005) A, and is slightly smaller than that reported by Basta,("' a = (8.3963 +O.OOOS) A. For further results see reference 13 .
A specific magnetic moment determination at about 25 "C gave CT = (0.95 kO.02) A m* g-l. This is in good agreement with the value found by Gorter(14) and is only slightly higher than that found by Weiss and Ferrer"" and Pauthenet.(16) $ Tabulation of the heat capacity of the Kiruna sample has been deposited as NAPS document number 00630 from ASIS National Auxiliary Publications Service, c/o CCM Information Sciences, Inc., 22 West 34th Street, New York, New York 10001. A copy may be secured by citing the document number and remitting $3.00 for photocopies or $1.00 for microfiche in advance by check or money order payable to ASIS-NAPS.
CRYOGENIC TECHNIQUE
The Mark 1 cryostat and the technique employed for low-temperature adiabatic calorimetry have been described elsewhere. cl') The copper calorimeter (laboratory designation W-9) has a capacity of 90 cm3 ; it is gold-plated inside and out and has six vanes. The heat capacity of the empty calorimeter was determined in a separate experiment, using the same amount of indium-tin solder for sealing and Apiezon-T grease for thermal contact between calorimeter, heater, and thermometer. The heat capacity of the calorimeter-heater-thermometer assembly represented from 27 to 75 per cent of the total heat capacity observed (except in the transition region where it decreased to 8 per cent). The platinum resistance thermometer (laboratory designation A-3) has been calibrated by the National Bureau of Standards, and the temperatures are judged to correspond with the thermodynamic temperature scale within 0.1 K from 5 to 10 K, within 0.03 K from 10 to 90 K, and within 0.04 K from 90 to 350 K. Precision is considerably better, and the temperature increments are probably correct to 0.001 K after corrections for quasi-adiabatic drift.
The calorimeter was loaded with sample, and helium was added (after evacuation) to provide thermal contact between sample and calorimeter. The mass of the calorimetric sample was 134.854 g.
Results
The heat-capacity determinations are listed in table 1 in chronological order, expressed in terms of the thermochemical calorie equal to 4.184 J. The ice point was taken to be 273.15 K and the relative atomic mass of iron as 55. 85 . The results are presented in terms of one mole of Fe,O, corresponding to 231.55 g. An analyticallydetermined curvature correction was applied to the observed values of AH/AT. The approximate temperature increments can usually be inferred from the adjacent mean temperatures in table 1.
The heat-capacity B~YSUS temperature curve is shown in figure 1 and transitions are seen to occur near 116 K. A smaller peak is observed at 113.3 K and a larger one at 118.9 K. Except for the double peak, the results resemble those found earlier by Parks and Kelley"' and by Millar'2' over the common region (see deviation plot in figure 1) .
Values of C,, S" -S,O, and (H" -Hz)/T for Fe,O, are listed at selected temperatures in table 2. The Gibbs energy function values are not given because of uncertainty concerning the zero-point entropy of magnetite. The enthalpy and entropy increments were calculated by numerical integration of the heat-capacity values which are considered to have a probable error of about 5 per cent at 5 K, 1 per cent at 10 K, and 0.1 per cent above 25 K. Values below 5 K are extrapolated using the Debye T3 limiting law. The effects of nuclear spin and isotopic mixing are not included in the entropies. The estimated probable error in the thermodynamic functions is 0.1 per cent above 100 K, but some of the results are given to an additional digit because of their significance on a relative basis. An enlarged plot of the heat capacity in the region of low-temperature transition is shown in figure 2 . The maximum at 118.88 K is very close to the transition temperature (119.4 K) found by Calhoun,@) while the lower peak lies close to Millar's"' transition temperature.
There are no indications of a bifurcated peak in earlier studies. Several hypotheses can be advanced in explanation of the double peak. For example, only a slight variation of the Fe2+/Fe3+ ratio is obviously enough to affect the nature of the transition. This was clearly demonstrated by the change in temperature dependence of the electrical conductivity('g' on synthetic samples with slightly different oxygen content. Characteristic changes in magneto-crystalline anisotropy'20' and acoustic-loss peaks ('i) also result from small variations in oxygen content. Impurities have an equally detrimental effect on the transition as demonstrated by heat-capacity measurements on the natural magnetite crystal from Kiruna, Sweden, as well as by numerous studies reported in the literature. It is, however, considered unlikely that the double peak is due to impurities in the sample or to the fact that it was heated in a silica tube, since the spectrographic analysis showed the presence of less than 0.01 per cent metallic impurities (including silicon). Gross inhomogeneity (or phase separation) in the sample might account for the behavior. It is known'22) that the Fe,O,-phase has a considerable range of homogeneity, extending between the limits FeO,.,,, and FeO,.,,, at 1457°C. What happens to this solid solution on cooling under non-equilibrium conditions has not yet been studied in detail, but it is conceivable that phases with slightly different composition and structure might be formed, as in the VOz -Jz3) and Ti02-x(24) systems. Until evidence confirming these or other explanations is available, the double maximum in the heat-capacity curve is considered to be a property of Fe,O,. Other relevant information concerning the transition region will now be introduced. The discussions will be limited to some simple property changes. The large body of cross-related effects, i.e. thermoelectric, magneto-caloric, magneto-electric, etc., will not be considered.
STRUCTURAL ASPECTS
After the atomic coordinates in crystalline magnetite near 300 K had been refined by X-ray diffraction methods,'25) Verwey and De Boer (26) concluded that Fe,O, has an inverse-spinel-type structure with Fe2+ and Fe3+ ions distributed at random over the octahedral positions. Subsequently, Verwey"') inferred that the transition phenomenon involves an order-disorder effect on the ions at the octahedral positions. Below the transition temperature the ferrous and ferric ions form mutually perpendicular rows parallel to (001). The structure was assumed to have tetragonal symmetry (27) although orthorhombic symmetryC2') would be more appropriate. X-ray powder photographs of magnetite below the transition temperature were interpreted in terms of a rhombohedral unit ce11,(10,29) while other authors(" '30) claimed that it was orthorhombic. Symmetry considerationsC3i' show that transition from the reported orthorhombic structure to the cubic one is possible only as a first-order transition and not as a higher-order transition.
No conclusion regarding the distribution of Fe2+ and Fe3+ ions among the tetrahedral and octahedral lattice sites could be drawn on the basis of X-ray data, but NCe1(32) interpreted the magnetic data on magnetite by assuming antiferromagnetic coupling between the spin moments of the Fe3+ ions on A-sites and the Fe'+ and Fe3+ ions on B-sites. This antiferromagnetic arrangement was strongly supported by neutron diffraction work on magnetite powder by Shull et a1.(33' Further neutron diffraction work by Hamilton(34' on synthetic crystals gave a convincing confirmation of the Verwey order scheme. Recent neutron diffraction work (35) has shown the presence of extra reflexions below the transition which are attributed to a doubling of the c-axis. In a natural crystal these reflections disappeared gradually between 100 and 120 K, while for a synthetic crystal they vanished abruptly at (118.5+ 1) K. Thus, there are indications of complex structural behavior of magnetite in the transition region and of a continuous transition being precluded by symmetry conditions. The presence of an intermediate structure which can accommodate increasing disorder, therefore, seems plausible.
ELECTRICAL ASPECTS
The high electrical conductivity of magnetite was rationalized'36,37' in terms of random distribution of Fe2+ and Fe3+ ions over equivalent lattice positions. As the temperature is lowered a sudden decrease in conductivity is observed.(3*6*38' In stoichiometric synthetic single crystals the transition is reportedC6' to take place at (119.4kO.3) K, and it is marked by the conductivity dropping by a factor of 90 within a temperature interval of about 1 K. The conductivity is anisotropic below the transition, as also noted earlier. (27) Hall effect and thermal e.m.f. measurements have led to the conclusion'39' that the electrical conductivity of stoichiometric Fe304 is of electronic origin. Theoretical considerations'40' are in agreement with a hopping electron model above the transition, and a thermally-activated hopping mechanism involving a fairly complex defect below the transition. (41) The transition is considered(42' to be of the MottWigner type in which the low-density insulating state is brought about by electron correlation. The pressure dependence of the conductivity(43' is consistent with such a model.
The temperature dependence of the electrical resistivity in magnetic fields was reported'44' and found to show two minima, one at 111.5 K and the other at 95 K, presumably due to the dispersion of electrons over fluctuations in magnetization and density, respectively.
Characteristic anomalies in the thermoelectric and Nernst-Ettingshausen effects in the low-temperature transition region were taken (4s) to indicate a reorganization of the energy spectrum of the conductivity electrons in magnetite.
MAGNETIC ASPECTS
The magnetic properties of magnetite samples were measured by Weiss and Forrer(i5' and the highest magnetization values found to be associated with the stoichiometric composition Fe,O,. At 120 K a transition was observed which, however, did not affect its magnetic moment (i.e., 4.07 Bohr magnetons per molecule of Fe,O, extrapolated to 0 K). The small variation in electrical conductivity with magnetic field strength(46-48) is in keeping with the view that the spontaneous magnetization does not change during the transition. The low moment was explained by the Ntel theory of ferrimagnetism'32' on the assumption that the magnetic moments of the Fe3+ ions are mutually annihilated by antiferromagnetic coupling. On the basis of magnetization (49*50) thermal expansion, and magnetostriction(51' measurements, the possible origin of the magnetic anistropy below the transition is discussed.(52' Additional results from magnetostriction, (53) hysteresis loop and strain gauge measurements (54,55) and magnetic torque curves(56-60) established the structure below the transiiion as orthorhombic, and magnetic anistropy constants were derived.
In contrast to the results of an earlier calculation, (61) Slonczewski'62' finds that the calculated anistropy constants (K, = -1.2 J cmm3, Kb = 1.2 J cmm3) disagree with the experimental values (K, x 0.05 J cme3, K,, M 0.05 J cmm3) both with regard to order of magnitude and direction of easy magnetization. The presence of disorder might, however, account for the discrepancy.
Ferrimagnetic-resonance results(28*63,64) ha ve been interpreted in terms of domain structures'65' and twinning@* 64) and separate contributions from the ferric ions at octahedral and tetrahedral sites. (66) The discrepancy between the g-factor obtained by this method and nuclear magnetic resonance studies'67v6s' suggests that some unexplained effect obscures the ferrimagnetic resonance results.(6g'
Mossbauer absorption spectra (7o-73) differ in detail. They are interpreted in terms of electron hopping among the octahedral Fe2+ and Fe3+ ions at 300 K, which produces an averaged spectrum clearly distinguishable from that of the tetrahedral Fe3+ ions. At 77 K, where the hopping has ceased, the three kinds of ions should show their separable spectra, but no difference between the two types of Fe3+ ions could be observed. This can be un&rstood'69) on the assumption that the hyperfine field at the Fe3 + nucleus is the same on octahedral and tetrahedral sites-apart from the sublattice magnetization, which in this case is probably also equal-since the spin quantum numbers are the same (S = 5/2).
THERMODYNAMIC ASPECTS
The enthalpy and entropy increments associated with the transition were evaluated by subtracting the lattice contribution from the total increments in the range 100 to 140 K. The lattice heat-capacity values were estimated on the basis of a gradual change in Debye O's with temperature from O/K = 550 at 100 K to 571 at 140 K (see figure 2) . The results are given in table 3. The total entropy increment observed, 1.35 cal mole1 K-l, agrees well with the value 1.3 cal mol-' K-' estimated from Parks and Kelley's(') results as AH/AT for T = 115 K, and the value 1.05 cal mol-' K-' evaluated graphically from Millar'sC2' results. Resolution of the heat-capacity peaks into their components is rather difficult, and cannot be done by ascribing the same shape to both of them. In fact, the pre-transition effects associated with the higher-temperature peak appear to extend below the onset of the lower-temperature transition. The latter,may involve a phase transition from the orthorhombic to an intermediate structure (with an entropy increment of only about 0.2 cal mol-' K-' ), related to a change in crystal structure upon onset of long-range disorder of the Fe2+ and Fe3+ ion distribution.
As discussed by Anderson (74) the octahedral lattice sites in the spine1 structure form an arrangement for which it is possible to achieve essentially perfect shortrange order while maintaining a finite entropy. The sites can be described in terms of tetrahedra arranged on a diamond lattice and connected at their apices. Each site is presumably occupied by one of two kinds of iron atoms present in equal numbers. We are concerned with changes in their distribution with temperature, and with residual disorder. Questions also arise with regard to the physical difference between the two kinds of atoms, and how they interconvert.
The available evidence indicates that the magnetic moment of magnetite does not change during the transition. Thus the characteristic difference between the atoms on the octahedral sites in this context is that half of them possess five unpaired 3d electrons and the other half four unpaired electrons and one unshared pair. The order-disorder process therefore involves distribution of (N/2) localized 3d electrons over N atoms. The process by which this takes place has not been clarified in detail; it conceivably involves both valence and conduction electrons. Calculations of the coulombic order energy (75P78) in Fe,OS yields 39.3 kcal mol-' and indicates that considerable short-range order is present above the transition. Anderson'74' suggests that the short-range order might be discussed as one in which there is a maximum number of Fe" -Fe3' pairs; i.e. two Fe2+ and two Fe'+ ions are present on each tetrahedron.
Assuming nearest-neighbor interactions only, one can find a number of configurations, all of which have the lowest possible energy. Long-range coulombic forces are only 5 per cent effective in creating long-range order. More recently a general expression for the correlation function was obtained. (79) Under simplified conditions the energy decrement between the Anderson short-range ordered and the Verwey structures was calculated to be only 3.8 per cent. Complete ordering might not be achieved, therefore, on cooling magnetite through the transition region.
The residual or zero-point entropy might be estimated in a manner similar to that employed by Pauling (*O) for ice. The resulting lower limit for one mole of Fe,O, is So = 0.81 cal mol-' K-'.
The expected entropy change from complete order to complete disorder is equal to 2R In 2 per mole Fe,O,, i.e. 2.75 cal mol-l K-', while the actually observed value is only 1.35 cal mol-l K-'. Some part of the difference is presumably due to residual entropy below the transition, and some to short-range order persisting above the transition. A different view on the transition is adopted by de Bergevin and Brunel.'81' They suggest that Slater's model (**) for the ferroelectric transition in potassium dihydrogenphosphate is applicable to the transition in magnetite and conclude that it involves change from complete long-range order to short-range order with an entropy increment AS, = 0.78 cal mol-' K-r . In the high-temperature limit the disorder entropy is reported to be 0.81 cal mol-' K'. These entropy values are, however, only about half of that observed here and cast doubt upon the applicability of the model.
The possible existence of zero-point entropy in magnetite needs further verification from combination of thermal and equilibrium data for suitable reactions. One such reaction is 3Fe(s) + 4H,O(g) = Fe,O,(s) + 4H,(g), for which equilibrium results exist and thermal results are precisely known except for the heat capacity of Fe,O, above 350 K. Such measurements are in progress. Upon completion, the problem can then be reconsidered.
SPIN WAVE CONTRIBUTIONS
The effect of elementary excitations of the spin system of inverse spinels has been considered by Kouvel@3J and shown to occasion an aT3" contribution to the heat capacity at very low temperatures in addition to the Debye jW3 lattice term. Heatcapacity measurements by Kouvel") . m the range 1.2 to 4.2 K indicated a much higher spin-wave contribution than is consistent with theory. Results on iron- where S, and S, are the spin quantum numbers S, = 512 and S, = (l/2)(5/2+ 4/2) = 914, respectively; JAA, JAB, and JBB are exchange integral values for the AA, AB, and BB interactions. According to NCel, (32) all the interchange interactions in ferrites are antiferromagnetic and JAB % JAA or JBB as a result of the relative magnitudes of the superexchange.
Spin-wave dispersion relations for magnetite have been derived(6g*85-8g) and dispersion curves obtained by inelastic neutron scattering techniques above the transition(g0-y3) and below.'g4*g5)
In the earlier work only JAB was considered while the most recent evaluation(g6' leads to JAA = (-1.52LO.46) meV, JAB = (-2.42kO.04) meV, and JBB = (0.31kO.07) meV. With these results the intercept on the ordinate of figure 3 should be 0.031 meal mol-' Ke512 assuming the absence of long-range order of the spins on the octahedral sites.
Kouvel has also provided expressions for the spin-wave heat capacity in the ordered state. As it has been observed that at least the JAB and JBB values are almost equal above and below the transition, (g4, ") the above values were used in the evaluation which, however, gave the same intercept. Thus, spin-wave contributions of only 40 per cent of the lowest value by Dixon et ~1.'~' are accounted for by theory. A firm conclusion can be drawn only from measurements at lower temperatures than those reported here.
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